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Abstract 
A new rotating membrane emulsification system using a stainless steel membrane with 
100 µm laser drilled pores was used  to produce oil/water emulsions consisting of 2 wt. % 
Tween 20 as emulsifier, paraffin wax as dispersed oil phase and 0.01-0.25 wt. % 
Carbomer (Carbopol ETD 2050) as stabilizer. The membrane tube, 1 cm in diameter, was 
rotated inside a stationary glass cylinder, diameter of 3 cm, at a constant speed in the 
range 50-1500 rpm. The oil phase was introduced inside the membrane tube and 
permeated through the porous wall moving radially into the continuous phase in the form 
of individual droplets. Increasing the membrane rotational speed increased the wall shear 
stress which resulted in a smaller average droplet diameter being produced. For a 
constant rotational speed, the average droplet diameter increased as the stabilizer content 
in the continuous phase was lowered. The optimal conditions for producing uniform 
emulsion droplets were a Carbomer content of 0.1-0.25 wt. % and a membrane rotational 
speed of 350 rpm, under which the average droplet diameter was 105-107 µm and very 
narrow coefficients of variation of 4.8-4.9 %. A model describing the operation is 
described and it is concluded that the methodology holds potential as a manufacturing 
protocol for both coarse and fine droplets and capsules. 
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1. Introduction 
 
Conventional emulsification devices, such as high-pressure homogenizers and rotor-
stator systems, generally use inhomogeneous extensional and shear forces and high 
energy inputs per unit volume to rupture droplets [1]. As a result they generate emulsions 
with wide droplet size distributions and relatively small mean droplet sizes, up to several 
micrometers. Further, batch-to-batch consistency is often poor even when similar 
experimental conditions are deployed. However, some important potential uses of 
emulsions require the production of larger uniform droplets with a mean size ranging up 
to several hundreds of micrometers, e.g. in the manufacture of a variety of coherent and 
structured microparticles and microcarriers through polymerization, gelation, and other 
secondary reactions/processes in the emulsified droplets.  
 
Development of emulsification methods for producing uniform droplets are rooted in one 
of two possible manufacturing approaches [2]:  
• equipment designs that seek to (a) reduce of process length scales of the turbulent 
perturbations in the shearing/mixing processes that rupture the liquids, and (b) 
enhance the degree of uniformity of the shear within the emulsifying chamber; 
• the creation of droplets individually (drop-by-drop).  
Our work here is concerned with the second route. Several single-drop technologies have 
been developed for generating uniform droplets, such as injection of liquid through a 
capillary into another co-flowing immiscible fluid [3, 4], penetration of dispersed phase 
through microfabricated parallel silicon channels [5] or interconnected channel network 
in microfluidic devices [6, 7], and injection of dispersed phase through microporous 
membranes of different nature (glass, ceramic, metallic, polymeric) [8-14]. Production of 
various particulate products, such as microspheres and microcapsules, using membrane 
emulsification routes was recently reviewed by Vladisavljević and Williams [15].  
 
Some specific attributes of existing systems will be considered briefly. ‘Direct membrane 
emulsification’ involves the direct (in-situ) formation of droplets by extruding a pure 
dispersed phase through the membrane into the continuous phase. In ‘premix membrane 
emulsification’ fine emulsions are produced by homogenization of coarsely emulsified 
feeds through the membrane [16]. In order to stimulate droplet detachment from the pore 
outlets in the direct emulsification, shear stress is generated at the membrane/continuous 
phase interface by recirculating the continuous phase through the membrane in cross flow 
[8] or by agitation in a stirring vessel [17]. Zhu et al. [18] have intruduced membrane 
vibration, through piezoactuation, to help the detachment of droplets and provide an extra 
control over droplet detachment in crossflow membrane emulsification. The preliminary 
results showed that a vibrating membrane had a significant effect in reducing the average 
size of emulsion droplets but only at very low frequencies (0-100 Hz).   
 
The typical coefficients of variation CV1 of droplet sizes in the direct emulsification 
using porous glass membranes in crossflow or stirring systems are in the range of  7-20 % 
and the mean droplet sizes range from less than 1 µm to over 60 µm [15]. The typical CV 
                                                 
1For a specific size distribution the coefficient of variation is defined as CV = (σ/dav) × 100, where σ is the 
standard deviation of the droplet diameters and dav is the number-average droplet diameter. 
 
values in microchannel emulsification are less than 5 % and the mean droplet sizes range 
from several microns to 100 µm [19]. Performing direct emulsification using rectilinear 
silicon microchannels with oblong cross section, Kobayashi et al. [20] obtained highly 
uniform droplets with the CV values of less than 2 %. They concluded that an elongated 
cross section of the channels contributed decisively to the formation of monodispersed 
droplets with and without a continuous phase flow. In order to produce emulsion droplets 
with a CV below 2 %, the slot aspect ratio of the straight-through microchannels should 
exceed a critical value of 3 [20]. 
 
Schadler and Windhab [21, 22] have studied continuous production of W/O emulsions 
using a rotating nickel membrane with carbon coating deposited on the porous substrate 
by the PECVD (Plasma-Enhanced Chemical Vapour Deposition) method. The rotating 
membrane was mounted coaxially inside an outer cylinder and the dispersed phase was 
forced through the membrane at a fixed flow rate of 12 l/h. The continuous phase was 
pumped through the gap at different flow rates to adjust the dispersed phase fraction. 
With increasing the gap width the droplet size decreased, but the disperse phase volume 
fraction did not influence the droplet size [22].  
 
The rotating membrane concept has been applied earlier in dynamic membrane filters, 
which can be designed as rotating disk membranes [23] or rotating cylindrical 
membranes [24]. These filters are most applicable to the clarification of very high 
concentration suspensions and the separation of biological products [25].  
 
A novel rotating membrane emulsification system utilizing a small diameter stainless 
steel membrane with uniformly spaced laser drilled pores has been investigated in this 
work. Figure 1a shows a continuous membrane emulsification system with a rotating 
cylindrical membrane mounted in a stationary vessel. A pure continuous phase is slowly 
passed upwards into the annulus between the stationary vessel and the membrane tube 
and a product emulsion is discharged from the top of the vessel. The shear stress is 
developed by rotating the membrane rather than by flowing the continuous phase, since 
the crossflow velocity is negligible. The requirement for circulation of the continuous 
phase along the membrane surface can thus be totally avoided. Compared with cross 
membrane emulsification methods [2, 14] this can be particularly advantageous to the 
production of coarse emulsions and fragile structured products, in which the droplets 
and/or particles are subject to breakage during the pump circulation. The dispersed phase 
passes radially through the porous membrane wall and forms droplets moving into the 
continuous phase. At high rotational speeds a foot-bearing can be used to avoid the 
excessive vibration of the membrane tube. The experimental batch rotating membrane 
system used in this work for emulsification experiments is shown in Figure 1b, and will 
be described further in Section 2. In this case a smaller gap is used although the 
conditions employed did not enter the regime of Taylor vortices in the annulus. 
 
2. Experimental 
2.1. Materials   
Table 1 lists the composition and properties of O/W emulsions produced in this work. 
2 % (wt/wt) Tween 20 (polyoxyethylene sorbitan monolaureate), purchased from Fisher 
Chem., UK, was used as a water soluble emulsifier and 0.01-0.25 % (wt/wt) Carbomer 
(Carbopol ETD 2050) obtained from Surfachem Ltd, Leeds, UK was added as a stabilizer. 
Carbopol ETD 2050 is a trade name of B.F. Goodrich Co. for a crosslinked polyacrylic 
acid polymer. The dispersed oil phase was paraffin wax (cat. no. 76234) supplied from 
Fluka. 
 
2.2. Experimental set-up and procedure 
The experiments have been carried out using a tubular stainless steel membrane with 
laser-drilled pores. The geometric characteristics of the membrane are given in Figure 2. 
The membrane pores with a mean size of approximately 100 µm are arranged in a cubic 
array, with an average pitch of 500 µm. The wall porosity was 3 % and the effective 
membrane area was 26.7 cm2. The membrane tube was mounted on an IKA Eurostar 
digital overhead stirrer and situated in a stationary glass cylinder with an inner diameter 
of 30 mm. The width of annular gap between the rotating membrane and the stationary 
cylinder was 10 mm. The amount of continuous aqueous phase in the cylinder was 100 
ml and the membrane rotational speed in each experiment was kept constant between 50 
and 1500 rpm.  
 
The oil was introduced inside the membrane tube by a pipette and permeated through the 
porous wall under the driving force of a hydrostatic head. The minimum pressure pcap at 
which the dispersed phase can permeate through the membrane is given by: 
p
cap d
cos4p θγ= ∞                                                                                              (1) 
where γ∞ is the equilibrium interfacial tension between the continuous and dispersed 
phase and θ is the contact angle between the dispersed phase and the membrane surface 
in continuous phase. In this work γ∞ = 6.4 × 10-3 N/m and the contact angle θ between the 
dispersed phase and the membrane surface could be assumed as zero. Therefore, from Eq. 
(1)  a value for  pcap is estimated as 256 Pa for dp = 1 × 10-4 m, which corresponds to a 
hydrostatic head of only 26 mm at the oil density of 1000 kg/m3. The driving pressure in 
the experiments was slightly higher than the capillary pressure, therefore about 300 Pa. 
 
The aim of this study was to investigate the influence of the membrane rotational speed 
and the stabilizer content on the properties of the resultant emulsions (the mean droplet 
diameter and the CV) and to find the optimal conditions for producing monodispersed 
droplets.  
 
2.3. Determination of the average droplet diameter 
The number-average diameter, dav of droplets was observed directly by means of a Nikon 
model SMZ800 stereoscopic microscope using 4x zoom ratio. The average diameter was 
determined by manual counting and measuring a large number (typically several 
hundred) of droplets which were lying in such a position as to present at least a semicircle 
of silhouette. The uniformity of the droplet sizes was expressed in terms of the coefficient 
of variation (relative standard deviation). 
 
2.4 Rheological characterization 
Flow curves were obtained for different carbomer levels in the continuous phase with a 
stress rate controlled rheometer (Bohlin CVOR 150) over shear rate regions pertinent to 
experimental conditions in the rotating membrane emulsifier (1-40 s-1). All data were 
obtained at 20 °C using concentric cylinder measurement geometry. Data are presented in 
the form of viscosity-shear rate curves. 
 
3. Results and discussion 
 
Flow curves of the continuous phase as a function of stabilizer content are shown in Fig. 
3. It is seen that the apparent viscosity of the continuous phase strongly depends on the 
shear rate applied at the membrane surface and the content of stabilizer added. Under 
laminar flow conditions in the annular space, the shear rate at the membrane surface is 
directly proportional to the membrane rotational speed, but depends significantly on the 
width of the annular gap between the rotating membrane and the stationary cylinder. In 
this work, the membrane rotational speed n1 was in the range of 50-1500 rpm and the 
radius of the membrane tube and stationary cylinder was R1 = 0.005 m and R2 = 0.015 m, 
respectively. Substituting these values into Eq. [A8] in the Appendix gives values for the 
shear rate at the membrane surface  in the range of 1.3-39.3 s-1.  
 
As shown in Figure 4, the average droplet diameter decreases with increase in membrane 
rotational speed and stabilizer content, as the shear force at the membrane surface, which 
is a major force driving the droplet detachment, in both cases increases. The effect of 
rotational speed on the mean droplet size found here is similar to the effect of cross flow 
velocity in cross flow membrane emulsification [10]. However, it is especially important 
to note that the droplet/pore size ratio for the given stainless steel membrane is much 
smaller than for the Shirasu porous glass (SPG) and ceramic membranes investigated by 
Vladisavljević et al. [10]. For the stabilizer content of at least 0.1 % and the membrane 
rotational speeds exceeding 550 rpm, the average droplet diameter was even smaller that 
the mean pore size dp, as can be seen in Figure 4. For a stabilizer content of 0.05-0.1 %, 
the optimal rotational speed with regard to droplet size uniformity was found to be 350 
rpm. For a small stabilizer content of 0.01 %, however, the rotational speed of 1100 rpm 
was more favorable than 350 rpm (the CV was 11.3 and 10.8 % for 350 and 1100 rpm, 
respectively). It shows that the optimal membrane rotational speed with regard to droplet 
size uniformity decreases with increase in stabilizer content. The effect of membrane 
rotational speed on the mean droplet size was much more marked for a lower Carbomer 
content in the continuous phase. For example, as n1 increased from 350 to 1100 rpm, a 
two-fold reduction in dav was observed for a 0.01 % Carbomer and only by 15 % for a 
0.1 % Carbomer.  
 
As shown in Figure 5, for a n1 value of 350 rpm, the average droplet diameter decreases 
with increasing the apparent viscosity of continuous phase, i.e. the stabilizer content, but 
only in the range of 5.3-340 mPa·s. This corresponds to the Carbomer content of 0.01-
0.1 %. In the range of Carbomer content of 0.1-0.25 %, both dav and CV was independent 
on the stabilizer content. Therefore, in order to obtain uniform droplets at 350 rpm, the 
Carbomer content in the aqueous phase should exceed a critical value of 0.1 %. Under 
these conditions, the average droplet size is some 5-7 % larger than the pore size and the 
CV is slightly less than 5 %, which is similar to the CVs reported in emulsification using 
grooved-type silicon microchannels [5].  
 For a Carbomer content of 0.25 %, the CV was only 4.8 % at 350 rpm and almost all 
droplet diameters lied in a narrow range between 90 and 110 µm (the point C in Fig. 5). 
For a small Carbomer content of 0.01 % (the point A in Fig. 5), less uniform and much 
larger droplets were produced, due to smaller shear forces in the continuous phase. The 
strong effect of Carbomer content on the size of produced droplets is obvious from 
Figures 6a and 6b. The droplets in both figures were produced at the same membrane 
rotational speed of 350 rpm, but the stabilizer content was varied by a factor of 10.  
 
For a rotational speed of 1500 rpm and a Carbomer content of 0.1 %, polydispersed 
droplets with a CV value of 20 % and an average droplet diameter 17 % smaller than the 
pore size were produced, as shown in Figure 7. This is believed to be a consequence of 
partial droplet break up into smaller daughter droplets under the influence of high shear 
forces. Figure 8 is s typical micrograph of emulsion droplets produced at 1500 rpm. 
Spontaneous detachment of droplets was not possible under stagnant conditions (n1 = 0), 
due to circular cross section of the pores, which resulted in the formation of large and 
highly polydispersed droplets under these conditions (Figure 9). The same type of droplet 
formation behaviour was found earlier by Kobayashi et al. [19] in silicon-based 
microfabricated channel devices with linear circular pores.  
  
4. Conclusions 
 
Emulsion droplets with an average diameter of 79-259 µm and a CV in the range of 4.8-
20 % have been produced using a stainless membrane with 100 µm diameter pores 
rotating with a speed of 50-1500 rpm in a stationary glass cylinder. Both the average 
droplet diameter and CV decreased with increase in stabilizer content, i.e. continuous 
phase viscosity. In the range of stabilizer content between 0.1 and 0.25 wt. %, the average 
droplet diameter and CV was unaffected by the stabilizer content. The optimal membrane 
rotational speed with regard to droplet size uniformity for a stabilizer content of 0.1-0.25 
wt. % was 350 rpm. Under these conditions, the CV was less than 5 % and the average 
droplet diameter was 5-7 % larger than the pore size. Spontaneous detachment of droplets 
was not possible under stagnant conditions resulted in highly polydispersed droplets with 
a CV of 55 %. For a rotational speed of 1500 rpm, due to partial droplet break up into 
smaller daughter droplets, an average droplet diameter was 17 % smaller than the pore 
size and a CV was 20 %. Further experiments are needed to investigate the influence of 
pressure, the type of emulsifier, annular gap, membrane hydrophobicity and ultra high 
speed rotation on emulsification.   
 
The results demonstrate the potential for the rotating membrane methods as a 
emulsification method for manufacturing droplets with a consistent and selectable droplet 
size. Through judicious choice of membrane, continuous phase viscosity (if this can be 
carried) and rotation rate it is feasible to tune production characteristics. Similar 
principles are expected to apply to the production of finer emulsions too.  
 Appendix 
 
Consider two cylinders with a radius of R1 and R2 rotating at a constant angular velocity 
of ω1 and ω2, respectively. The annular gap between the two cylinders is occupied by an 
incompressible fluid moving in the axial direction due to fluid viscosity. Under steady-
state conditions, 0vv zr == and 0=θ∂∂  , and the equation of continuity becomes: 
( )rvv       0v rrr =∴=θ∂
∂             [A1] 
Navijer-Stokes equations are simplified to Eqs. [A2], [A3] and [A4]: 
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where ν is the kinematic viscosity of fluid and r is the radial distance. The integration of 
Eq. [A3] using the boundary conditions: 11θ1 ωRv:Rr ==  and 22θ2 ωRv:Rr ==  
yields the velocity profile: 
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Hence the fluid velocity is independent on its viscosity. The integration of Eq. [A2] using 
Eq. [A4] and the boundary condition: 11 pp:Rr == , gives the pressure profile in the 
radial direction: 
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The tangential stress at any cylindrical plane can be derived from Eq. [A7]. For example, 
the tangential stress on the surface of the inner cylinder for ω2 = 0: 
2
1
2
2
1
2
1
Rr
Rr,r RR
R2
r
v
r
r
1
1 −
ωη
−=











∂
∂
η=τ
=
θ
=θ           [A7] 
The shear rate at the surface of the inner cylinder for ω2 = 0: 
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where ω1 is the angular velocity in rad/s and n1 is the rotational speed in rpm. 
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 FIGURE CAPTIONS 
 
Figure 1.  (A) Schematic view of continuous rotating membrane emulsification system. 
(B) Batch rotating membrane system used in this work. 
 
Figure 2.  Dimensions and pore arrangement of stainless steel membrane used in this 
work.      
 
Figure 3.  Flow curves of the continuous phase at four different stabilizer contents. The 
range of shear rates applied in the experiments is shown by the arrows. 
 
Figure 4.  Effect of membrane rotational speed on the average droplet diameter and the 
coefficient of variation of droplet diameters for three different stabilizer 
contents. 
 
Figure 5.  Effect of apparent continuous phase viscosity on the average droplet diameter, 
and the CV at a fixed rotational speed of 350 rpm. The particle size 
distributions corresponding to the data points A, B, and C are shown as insets. 
  
Figure 6.  Micrographs of the emulsion droplets produced at a fixed speed of rotation 
of 350 rpm using two different stabiliser contents: (A) 0.1 wt. % Carbomer; 
(B) 0.01 wt. % Carbomer. 
 Figure 7.  Particle size distrubution data obtained under different operating conditions. 
 
Figure 8. Micrograph of the emulsion droplets produced at 1500 rpm and a Carbomer 
content of 0.1 wt. % (dav = 83 µm, CV = 20 %).  
 
Figure 9. Droplet size distributions for emulsions produced under stagnant conditions 
(0 rpm) and 50 rpm. (A) Micrograph of the emulsion droplets produced at 
50 rpm. (B) Micrograph of the droplets produced under stagnant conditions. 
The Carbomer content was fixed at 0.1 wt. %. 
Table 1. The composition and properties of O/W emulsions produced in this work. 
 
Aqueous (continuous) phase 
2 % (wt/wt) Tween 20 and 0.01, 
0.05, 0.1 or 0.25 % (wt/wt) 
Carbomer dissolved in distilled water 
Oil (dispersed) phase Paraffin wax 
Apparent viscosity of continuous phase  
at 20 °C and 9.2 s-1 (350 rpm) 5.3-831 mPa s 
Equilibrium interfacial tension at 20 °C 6.4 mN/m 
Average diameter of droplets dav = 79−259 µm 
Coefficient of variation of droplet diameters CV = 4.8-20 % 
 
 
  
 
     (A)             (B) 
 
 
Fig. 1: (A) Schematic view of continuous rotating membrane emulsification system. (B) 
Batch rotating membrane system used in this work. 
  
 
 
Fig. 2: Dimensions and pore arrangement of stainless steel membrane used in this work.      
 1 10 10010
-3
10-2
10-1
100
101
Wall shear rate sr,θ,r=R1 / s
-1
Range of wall shear rates applied
0.25 %
0.10 %
0.05 %
0.01 %
Ap
pa
re
nt
 co
nt
in
uo
us
 p
ha
se
 v
isc
os
ity
 η
a /
 P
as
38 382 3820
Membrane rotational speed n1 / rpm
 
 
 
 
Fig. 3: Flow curves of the continuous phase at four different stabilizer contents. The 
range of shear rates applied in the experiments is shown by the arrows. 
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Fig. 4: Effect of membrane rotational speed on the average droplet diameter and the 
coefficient of variation of droplet diameters for three different stabilizer contents. 
  
 
0 200 400 600 800
90
120
150
180
210
240
270
C
C
B
B
 
CV
 / 
%
Av
er
ag
e d
ro
pl
et
 d
ia
m
et
er
  d
av
 / 
µm
 
Apparent viscosity of continuous phase ηa / mPa s
4
6
8
10
12
 
 
200 250 300 350
0.02
0.04
0.06
A
A
 
 q
3 /
 µm
-1
 
90 120 150 180
 
 
 
90 120 150 180
 
d / µm
 
 
Fig. 5: Effect of apparent continuous phase viscosity on the average droplet diameter, and 
the CV at a fixed rotational speed of 350 rpm. The particle size distributions corresponding 
to the data points A, B, and C are shown as insets. 
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Fig. 6: Micrographs of the emulsion droplets produced at a fixed speed of rotation of 350 
rpm using two different stabiliser contents: (A) 0.1 wt. % Carbomer; (B) 0.01 wt. % 
Carbomer. 
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Fig. 7: Particle size distrubution data obtained under different operating conditions. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8: Micrograph of the emulsion droplets produced at 1500 rpm and a Carbomer 
content of 0.1 wt. % (dav = 83 µm, CV = 20 %).  
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Fig. 9: Droplet size distributions for emulsions produced under stagnant conditions (0 
rpm) and 50 rpm. (A) Micrograph of the emulsion droplets produced at 50 rpm. (B) 
Micrograph of the droplets produced under stagnant conditions. The Carbomer content 
was fixed at 0.1 wt. %. 
